Abstract. Monte Carlo simulations, utilizing embedded atom method (EAM) potentials, are employed to investigate in detail solute-atom segregation behavior at high-angle symmetrical (002) twist boundaries, at T = 850 K, in Pt-3 at.% Ni and Ni-3 at.% Pt alloys. Solute enhancement in those alloys occurs on both sides of the phase diagram, although it is considerably higher on the Ni-rich side. The distributions of solute concentrations within the first and the second planes are very inhomogeneous, with the sites highly enhanced in solute being in the minority. The remaining sites exhibit little or no enhancement. The highest level of solute concentrations at individual sites continues to increase with the value of the rotation angle, 0, until saturation occurs at about the E = 5 misorientation. The large differences in concentrations between different types of sites suggest the possibility of an ordered grain-boundary phase. The correlation between the structure and solute species concentrations in most cases follows the trends observed for low-angle boundaries: Pt as a solute prefers the structural units of the perfect crystal type, while Ni as a solute tends to segregate at the filler units associated with the cores of the primary grain boundary dislocations. A strong correlation is observed between the position of a site in the first or second (002) plane and the plane of the interface. Rigid-body translations are detected for two boundaries on the Pt-rich side of the phase diagram. Roughening and possible structural multiplicity occur in the ~ = 5 boundary on the Ni-rich side. The same boundary on the Pt-rich side of the phase diagram exhibits a considerable amount of structural and chemical disorder.
Introduction
Solute-atom segregation is the change of local composition of an alloy near an imperfection. This phenomenon is often observed at grain boundaries (GBs) and is of great theoretical and practical importance [1] [2] [3] [4] [5] . The phase space in which GB solute-atom segregation occurs is that of GB structure; the five macroscopic geometrical degrees of freedom (DOFs), plus the conventional state variables--temperature, pressure and bulk composition--are the relevant thermodynamic state variables [6] . For a single-phase alloy this phase space has 6 + C dimensions, where C is the number of chemical components in the alloy. The three so-called microscopic degrees of freedom, that is, the rigid-body translation vector between two grains, are assumed to be fully relaxed to minimize the Gibbs free energy ofa bicrystal. In our previous papers we focused mainly on the regularities of solute-atom segregation at low-angle (002) twist boundaries in AuPt [7] [8] [9] [10] [11] and Ni-Pt [10, 12] dilute alloys. And we identified segregation patterns at those boundaries and showed the importance of interactions between solute atoms and the elastic stress fields of GBs.
An analysis of GB segregation normally starts with the fundamental relation between the Gibbsian interfacial excess of Fsolute, and the thermodynamic driving force--the reduction of the interfacial free energy, y, of a GB:
T,P,specific geomeu'ical DOFs where/z t is the chemical potential of a solute atom. The next step involves simple phenomenological models, inspired by the classical Langmuir adsorption isotherm for gas adsorption at free surfaces. These models--the Langmuir-McLean isotherm and its further modifications (see references [13] [14] [15] [16] [17] [18] and references therein)--are unable to provide physical insight into the mechanisms of solute-atom segregation. On the contrary, they are aimed at interpreting experimental data based on assumed atomic mechanisms. The thermodynamics of GB solid solutions is postulated--not derived. At present a powerful method capable of dealing with these issues and obtaining detailed information about the physical mechanisms of segregation is computer simulations utilizing realistic interatomic potentials. Another important motivation for computer simulations is the following. It is common knowledge that GB solute-atom segregation can alter significantly--even drastically--practically all important properties of GBs: interfacial free energy, cohesion, mobility, etc. Specific mechanisms for such property changes are still poorly understood. Traditionally, correlations are sought between those changes and integral quantities such as Fsolute. It may also occur that those phenomena are sensitive to the distribution of segregated solute atoms near an interface and the binding energies involved, not just I"solute. For example, in the phenomenological treatments of GB solute drag [19] [20] [21] [22] an important parameter is the "interaction potential" between a boundary and a solute atom. The pre-fracture and fracture behavior at GBs is sensitive to the screening of external stress fields by local stresses [23] [24] ; those local stresses may be relieved by solute-atom segregation to particular sites.
At low-angle (002) twist boundaries in cubic metals atomic relaxations lead to the formation of a square grid of localized orthogonal screw dislocations. The resulting twist boundary is in a state of pure shear with no long range stress field [25, 26] . This description appears to be an excellent one for twist boundaries in metals [27] . The screw dislocations are the so-called primary grain boundary dislocations (PGBDs) whose Burgers vectors (b) are (a/2) ( 110)-type (a is the lattice constant) in the face-centered cubic lattice. The atomic displacements within the square cells of the PGBDs are rotations around the elements of Bollmann's O-lattice. The spacing of the grid is given by the Read-Shockley relation:
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The deviation from an exact coincident site lattice (CSL) orientation produces a grid of secondary grain boundary dislocations (SGBDs) with the spacing given by the same Read-Shockley relation, with 0 replaced by IA01; where A0 is the deviation angle measured from the exact CSL orientation [28] . The intersections of the PGBD lines form patches of the E = 5 structure. The localization of the misfit falls off with distance from the interface, and the dislocation cores become broader and less pronounced. At sufficiently large angles (0 > 22.6 ~ the areas of the regions of "good" atomic fit become comparable to those of the intersection regions, and more complicated high-angle twist boundaries appear that can be described by a structural unit (SU) model [29, 30] . It is postulated that every GB structure can be decomposed into discrete small patterns of atomic sites, the so-called SUs. The SUs are periodic cells of the boundaries with the lowest periodicity--the so-called favored boundaries. For the (002) twist boundaries the following SUs have been identified:
(1) Perfect crystal units, bounded by (1/2)(1 I0) and (1/2)(100)-type vectors and denoted A and ot respectively; (2) "Filler" units that make up the cores of the PGBDs; and (3) CSL E = 5 units, bounded by (1/2)/210) and (1/2) (310) vectors and denoted B and/3 respectively.
For twist boundaries with misorientations 0 < 22.6 ~ only the A and/3 units occur. In the angular range between 22.6 ~ and 36.9 ~ two alternative decompositions are possible (A,/3) and (a,/3); while for 0 > 36.9 ~ only the B and/3 units occur. Filler units may appear throughout the misorientation range to accommodate the residual mismatch. At the intersections of the PGBDs the B and/3 units always occur.
It is emphasized that the bulk of our current knowledge about the structure of high-angle boundaries and the SUs involved has been inferred primarily from lattice statics simulations performed at 0 K [29] [30] [31] [32] [33] [34] and x-ray diffraction studies at room temperature [32] . Those studies demonstrate, in some cases [31] , the existence of alternative GB structures with energies close to those of the CSL structures. There are only a few finite-temperature studies [32, 35--44] , and hence we know very little about so-called structural multiplicity 1 and possible phase transitions and phase equilibria at GBs [45] . Recently, deterministic free-energy minimization studies, in the local-harmonic approximation, revealed a phase transition from the CSL to type I structure in a E = 5 high-angle twist boundary in gold at about 315 K [40] , as well as in some other (002) twist boundaries in gold [39] .
In our previous papers [7] Monte Carlo simulations were performed for the type I and type II as well as the CSL E = 5 high-angle boundaries in a Pt-1 at.% Au alloy at 850 K. The type I structure reverted to the CSL structure and the type II structure remained metastable. In the present paper we report some observations of structural multiplicity at high-angle grain boundaries at 850 K. A systematic investigation of these effects is in progress [46] . We have found [7] [8] [9] [10] [11] [12] regularities relating solute-atom segregation to the structure of (002) twist boundaries and showed the importance of interactions between solute atoms and the elastic stress fields of twist boundaries.
In the present paper we investigate in detail soluteatom segregation at high-angle (002) boundaries in the Ni-Pt system. The main questions we address are:
9 What is the relation between solute-atom segregation and the atomic structure of high-angle boundaries? 9 What is the distribution of solute-atom concentrations in different SUs and individual atomic sites? 9 Is there any dependence between the misorientation angle and the values of solute-atom concentrations? 9 What is the difference between the special and general GBs with respect to solute-atom segregation?
Monte Carlo Simulations
To study equilibrium solute-atom segregation at GBs at elevated temperatures we employ Monte Carlo simulations in the transmutational ensemble. The computational method is described in detail in reference [47] and was used in a number of investigations [4, [7] [8] [9] [10] [11] [12] 48] . We briefly recapitulate the principal aspects of the technique. During the simulation, the temperature, the total number of particles and the difference in the excess chemical potentials are held constant. The total volume of the computational cell is allowed to relax, with the net effect being a constant pressure in the ensemble. The chemical identities of particles are changed, so that the atomic fraction of each component is a variable. The chemical composition in the reference bulk region is thus maintained constant, due to the constant difference of excess chemical potentials, while near the imperfections it changes to its correct equilibrium value. We utilize the fundamental algorithm of Metropolis et al. [49] to accept an attempted change. At each Monte Carlo step an atom is chosen at random. Then the following sequence of attempts is performed:
1. The chemical identity of an atom is changed; this step is for modifying the local composition of an alloy, and it is basic to the phenomenon of soluteatom segregation. 2. The displacement of an atom from its position by a random vector with a magnitude smaller then 0.01 nm; this step allows for relaxations on atomic scale. Note well that steps 1 and 2 are made simultaneously. 3. After, on the average, all the atoms in the bicrystal have undergone the above two attempts an overall volume relaxation is implemented that involves a change in one or more periodic lengths and a corresponding rescaling of coordinates of all the atoms in the bicrystal by a small random quantity. This procedure changes the volume of the computational cell to maintain the bicrystal at constant pressure. 4. A relative translation of the two grains in the plane of the interface by a random vector is attempted with the same time periodicity as step 3. It allows the complete relaxation of all microscopic degrees of freedom of a GB. Thus, steps 2, 3, 4 represent sampiing of the 3N-dimensional configurational space of the given bicrystal. Note well, that the Metropolis algorithm guarantees convergence to equilibrium and correct weighting for averaging independent of the exact implementation of the trial moves.
The total value of the internal energy, Etot, is calculated using embedded atom method (EAM) potentials [50] [51] [52] [53] , that have been developed for six face-centered cubic elements (Ag, Au, Cu, Ni, Pd and Pt). The EAM potentials are empirical many-body continuous potentials that have been used extensively for studying different physical problems in materials science [54] . We employed the so-called universal version of the EAM potentials [52] which are not specifically fitted to dilute heats of solution, but reproduce the experimental values.
Prior to simulations for GBs, similar simulations are run for a perfect single crystal (4000 atoms) to determine the value of A/z--the difference in the excess chemical potentials---corresponding to the requisite value of solute-atom concentration. The equilibrium lattice constants for given concentrations are also obtained from those runs (104 Monte Carlo steps per atom). In the present study we consider dilute (3 at.% solute) alloys on both sides of the phase diagram, and we are also currently working on GB segregation in the ordered Ni3Pt alloy. An effort is now under way to map out the entire bulk phase diagram for the Ni-Pt EAM potential. Besides the solid solution regions we have reliably identified the presence of the ordered phases Ni3Pt and NiPt in a wide temperature range.
The computational cell has three-dimensional periodic boundary conditions and contains two grains rotated about an [001] direction to a given twist angle 0. This angle is the only macroscopic geometric degree of freedom varied in this investigation. Due to the fourfold symmetry of the interface (point group symmetry 4mm) the irreducible interval of the rotation angle is 0 = 0 ~ to 45 ~ Physically, there are two crystallographically identical, but physically different GBs in a bicrystal. The separation between two interfaces is taken to be 16 (002) plane, that is, each grain consists of 16 planes. We previously found this separation to be sufficient to avoid elastic interactions between the GBs and to provide a region of unstressed perfect crystal--the bulk--in the middle of each grain. In our Monte Carlo simulations we use a computational cell that is approximately (4 to 5) nm x (4 to 5) nm in the plane of the interface--this corresponds to between 200 to 300 atoms in one atomic plane--and is about 6.3 nm in the direction normal to the (002) GB plane. Thus, the overall number of atoms in the system varies between 6400 to 9600. The first 2.5 x 103 Monte Carlo steps per atom of each run is used for equilibration. The averaging is performed for the next 3 x 103 or 104 Monte Carlo steps per atom, depending on the GB. The time step for averaging was 10 Monte Carlo steps per atom to avoid temporal correlation effects. The averaging is performed over the coordinates of each atom i, and this average is identified with the position of an atomic site i. In the solid state each atom is expected to stay at a particular atomic site, deviating only to the distances of the order of vibrational amplitudes, that are much smaller than the shortest distance between atomic sites. During the course of a simulation the chemical identity of each atom is changed, so the fraction of time an atom spends as a given species i is taken to be the average concentration of this species at an atomic site i. These terms have a clear physical meaning and are used to discuss the phenomenon of solute-atom segregation.
To avoid the effects of the interracial tension of GBs--which may be considerable in a small computational system--we fix the area of an interface at the bulk value, for a given temperature and bulk concentration of solute, by not permitting relaxation of the two periodic lengths in the plane of an interface. The periodic length in the direction normal to the interface is allowed to relax to relieve stresses in the bulk. This procedure yields the same results as when a larger bicrystal (30 planes between the GBs) is employed that does not fix the area of an interface. Near an interface the atomic relaxations produce an expansion (volume excess) analogous to that observed near GBs in real materials [55] [56] [57] 
Distribution of Concentrations at Atomic Sites
Figures 1 and 2 exhibit the distributions of solute-atom concentrations for the first two (002) planes adjacent to the interface in all seven high-angle GBs on both sides of the phase diagram. The plots represent solute concentrations at individual atomic sites in a plane, with each point corresponding to one atomic site. The sites are arranged in descending order of solute concentration. The number of sites in a plane varies between 208 and 289, depending on the GB. These plots have several important advantages over conventional histograms as they carry more detailed information and are relatively smooth. Histograms require a subtle balance between the bin size and the desired picture--too small a bin size leads to a considerable amount of noise, while too coarse a bin size smoothes out important information. The optimal size of a bin is often different for different data sets. The descending value plots allow one to identify discrete levels of segregation at symmetrically equivalent sites--they correspond to regions of the curve with small slopes. Alternatively, a large slope corresponds to a crossover between two discrete levels. Finally, the average concentration in the plane is simply the area under the curve divided by the extent of the x-axis (that is, the total number of sites in the plane).
The following results are gleaned from Figs. 1 and 2.
1. For both sides of the phase diagram solute enhancement occurs both in the 1st and 2nd planes adjacent to the interface. .
. that are a factor of 25 greater. On the Pt-rich side ( Fig. 1 ) the tail even falls below 3 at.% Ni, indicating depletion at those sites. On most occasions the maximum concentration levels of solute are higher on the Ni-rich side (Fig. 2 ).
There is a clear trend for an increase in the maximum concentration levels of solute with increasing 0. Starting, however, with E = 5 saturation
Occurs.
The only case where the segregation levels appear to be well separated is in E = 5 boundaries on the Ni-rich side of the phase diagram. In all other cases different segregation levels (corresponding to different binding free energies of solute atoms at different types of symmetrically equivalent locations) overlap significantly. Apart from the E = 5 case there seems to be no apparent difference in the distributions of concentrations between the special boundaries with small values of E and general boundaries with E values greater than 30. Each boundary, however, appears to have a unique distribution of solute-atom concentrations that is statistically significant. 
Structural Regularities of Solute-Atom Segregation

The ]C = 25 (0 = 16.3~
This is the lowestangle boundary discussed in this paper and it exhibits a continuation of the patterns observed in low-angle GBs [11, 12] . On the Pt-rich side (Fig. 3 ) the sites that can be attributed to dislocation cores and their intersections are enhanced in solute. While on the Ni-rich side (Fig. 4 ) the situation is complementary, that is, the dislocation core sites are not enhanced in solute, while the good fit regions are. Note well, that the intersections of the dislocation lines have different structures. According to the SU model [29, 30] these regions should be patches with a E = 5 structure. This observation points to a possible multiplicity of GB structures at elevated temperatures. These effects are discussed in detail in section 3.2.4.
E = 13 (0 = 22.6~
First compare parts (a) of Figs. 5 and 6. It is clear that on the Pt-rich side a small but noticeable (about 0.005 nm) rigid-body translation in the plane of the interface is present and its direction is .-~ [210] . Within the present computational setup, however, it is impossible to reliably establish the displacement vector(s) or vectors, because the average picture is actually a superposition of different displacements that occurred during the simulation. The effects of rigid-body translations on free energies of GBs at finite temperatures are investigated by the overlapping distribution Monte Carlo technique and presented elsewhere [46] . On the Pt-rich side (Fig. 5 ) the sites that are preferentially enhanced in Ni can be identified with the cores of PGBDs and their intersections, while the areas of good fit are not enhanced. The opposite effect occurs on the Ni-rich side of the phase diagram ( Fig. 6 ), although some of the sites in the areas where the dislocations intersect are enhanced. Note also structural multiplicity of those intersection regions (same as for the E = 25 boundary) on both sides of the phase diagram. The coincident sites seem to be enhanced on both sides of the phase diagram, although on the Pt-rich side the trend is not absolute.
The E = 17 (0 = 28.1~
The general trends are the same as in lower angle boundaries, although a considerable amount of noise, both in structure and the distribution of enhanced sites, is observed on both sides of the phase diagram. The coincident sites are not enhanced in solute on the Pt-rich side ( Fig. 7 ) and they are enhanced on the Ni-rich side (Fig. 8 ).
The E = 5 (0 = 36.9~
This is the most special boundary with the simplest structure--the unit cell has one coincident and four equivalent noncoincident sites both in the first and second planes adjacent oO oooo OoVo -o~ oOOOOo oo" UoOoOOoOoV -j to the interface. First, note a small asymmetry in the unrelaxed pattern in Fig. 9(a) , compared to the almost perfect symmetry in Fig. 10 e.
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The structure of and solute-atom segregation at 0 = 22.6 ~ (E = 13) boundary in Ni-3 at.% Pt; same nomenclature as in Fig. 4 .
of the phase diagram (Fig. 9 ), compared to a rather regular structure on the Ni-rich side of the phase diagram (Fig. 10) . Even this relatively regular structure, however, has a certain concentration of rather uniform imperfections. Their structure is better seen in Fig. 11 . Part (a) of this figure exhibits the structure of The structure of and solute-atom segregation at the 0 = 28.1 ~ (Z = 17) boundary in Ni-3 at.% Pt; same nomenclature as in Fig. 4 .
one atomic plane perpendicular to the interface (above or below). Thus, steps on the GB are formed. A similar phenomenon was observed in molecular dynamics simulations of the E = 5 boundary in gold, utilizing an empirical pair potential [35] and the EAM potential for gold [32] . The shifted Z = 5 units also display a The structure of and solute-atom segregation at the 0 = 43.6 (E = 29) boundary in Pt-3 at.% Ni; same nomenclature as in Fig. 3 .
sition of the structures could give rise to such effects. Alternatively, they may be a manifestation of really diverse structures, as suggested earlier [35] . Finally, we recall that structural changes are observed also at the ~ = 5 patches of the E = 25 and I] = 13 GBs. With respect to segregation there is a clear trend for 
E = 29 (0 = 43.6~
Comparing Figs. 13 and 14 we see that the relaxed GB structures are rather regular in both plots, and the segregation behavior seems to be complementary on both sides of the phase diagram. In accordance with the general trend the coincident sites tend to be enhanced in solute on the Ni-rich side (Fig. 14) , and not enhanced on the Pt-rich side (Fig. 13 ). It is difficult, however, in simple terms to account fully for the segregation patterns in this structure. It can be interpreted as a transition to the region of "general" boundaries. This is even clearer for the more general E = 73 and E = 289 GBs--not displayed here. They exhibit considerable structural disorder, although rather distorted regions of E = 5 can often be identified. Finally, we emphasize that the enhancement levels are very high in all those boundaries.
Correlation Between the Distance from the Interface and Solute Atom Concentration
Despite the complexity of the structural dependence of segregation, there is one regularity that we have observed for all GBs. It has to do with the pattern of atomic relaxations in the (002) planes near the interface. It is well known from analytical models [58] , computer simulations and experiments [32, 59] , that local relaxations at (002) symmetrical twist boundaries lead to considerable variations in the positions of atomic sites not only in the plane parallel to the interface, but also in the direction normal to the interface within one (002) plane--up to 20% of the interplanar distance. Therefore, the relaxed structure of a (002) plane near the interface is not smooth, as in the bulk, but atomically rough, with different types of sites located closer to the interface or farther from it with respect to the average position of the plane normal to the interface. We now demonstrate for all the GBs discussed in the previous section that the regular pattern of atomic relaxation is clearly associated with solute-atom segregation on an atomic scale. Figures 15 to 21 exhibit the dependence of the solute concentrations at atomic sites on the coordinate normal to the plane of the interface for two (002) planes each side of the interface. Part (a) of these figures refers to the Pt-rich side of the phase diagram and part (b) refers to the Ni-rich side. The geometrical plane of the interface is between the atomic planes -1 and 1. Therefore, for the planes -2 and -1 the interface is to the right, and for the planes 1 and 2 it is to the left. The zero values on the abscissa correspond to the mean coordinate of the sites in a specific plane; only the portion 0.04 nm on each side of zero is exhibited--this region covers about 40% of the spacing between the (002) planes and contains all the atomic sites in each plane. Each point in the plot corresponds to one atomic site.
On the Ni-rich side the sites enhanced in solute tend to be closer to the interface in both the 1st and 2nd plane. On the Pt-rich side the dependence is the opposite, that is, the sites highly enhanced in solute tend to lie away from the interface. In both cases the effect is much stronger in the 1st plane than in the 2nd. Note also, that on the Pt-rich side at higher angles (Figs. 18-21) a secondary branch of enhanced sites appears, that extends toward the interface. Figures 15 to 21 demonstrate, in detail, that the propensity for solute-atom segregation at individual GB sites is closely connected to the relaxation pattern of the sites with respect to the boundary plane--inward or outward. The scope and origin of this correlation is not clear at this point. A detailed comparison with other alloy systems and other GB geometries will be published elsewhere.
Discussion and Summary
We have investigated in detail regularities of soluteatom segregation at high-angle (002) symmetrical twist boundaries in dilute single-phase solid-solution alloys on both sides of the Ni-Pt phase diagram at 850 K. The following is a discussion and summary of the results presented in Section 3.
Effects of Chemistry
The most general question with respect to solute-atom segregation is: how can we predict the segregating element? Often correlations are sought with the thermodynamic properties of the pure elements (surface tensions, cohesive energies, melting points) [60] or properties of the binary phase diagrams--solubility limits [1, 61] and slope of the liquidus [62] . From the point of view of elasticity theory--which has a reasonable track record in providing a rule of a thumb answer to different metallurgical problems [63] --the quantities of interest are the size and inhomogeneity misfit factors [63] [64] [65] [66] [67] [68] [69] [70] . We limit our discussion to the considerations of the size (or the lattice constant) of the solute and solvent atoms, bearing in mind that at least for the twist boundaries the inhomogeneity effect may be of no less importance [63--68] . The data are the results of computer simulations of solute-atom segregation at symmetrical twist (002) boundaries in f.c.c. metals at elevated temperatures utilizing the EAM potentials. The data on the Ni-Cu and Ag-Au system were obtained by Monte Carlo simulations [48, 71, 72] and free-energy minimization [41] [42] [43] [44] methods. The data on Au-Pt, Ni-Pt and Au-Ni are from Monte Carlo simulations [7] [8] [9] [10] [11] [12] 72] , and the data on Au-Pd from freeenergy minimization [44] alone. The data are presented in Table 1 taken from reference [73] . We now focus on the question as to whether solute or solvent is enhanced at the interface on each side of the phase diagram. There are only three mutually exclusive possibilities for each binary phase diagram: (a) the solute is enhanced on both sides; (b) the solvent is enhanced on both sides; and (c) the solute is enhanced on one side and the solvent is enhanced on the other. We now look for trends relating those possibilities and the magnitudes of the lattice constants of the solute and the solvent, Table 1 shows two approximate trends: 2
1. The solute is enhanced on one side of the phase diagram and the solvent is enhanced on the other. Within this trend in all cases it is the larger lattice constant element that is enhanced at the GB. 2. The solute is enhanced at GBs on both sides of the phase diagramP This implies that on one side the smaller element is enhanced, and on the other side the larger element is enhanced.
l ' " " ' " " " " ' l ' " ' " " " ' " " J , ' " ' " " " " " ' l ' " " ' " " " " ' The first trend is compatible with the simple elasticity theory argument [64] , that exchanging the solvent and the solute atoms in the dilute limit changes the signs of the solute-atom binding energies. 4 This trend was studied in detail for low-angle boundaries in the Au-Pt system [7] [8] [9] [10] . The sites enhanced in solute on the Pt-rich side form bipyramidal structures based on the square cells of the PGB screw dislocations. On the Au-rich side the same structures exhibited solute-atom depletion. The remainder of the sites are not affected by segregation in both cases.
The second trend was investigated in detail for the same low-angle GBs in the Ni-Pt system. The bipyramidal structures are enhanced in solute on the Ni-rich side, while on the Pt-rich side they were unaffected by segregation---enhancement in solute was observed in the hourglass-like structures above the dislocation lines. At this point there is no clear explanation for this pattern. It requires a deeper understanding of detailed atomistic mechanisms of segregation.
Distribution of Solute-Atom Site Concentrations Near Grain Boundaries
The Ni-Pt system is the first system with a substantial enhancement of solute on both sides of the phase diagram to be studied by simulations. We calculated distributions of solute-atom concentrations for highangle boundaries in two (002) planes each side of the plane of the interface. For all the boundaries the enhancement levels are much smaller at the second plane, than in the first one, but they are still too strong to be disregarded. It is observed that the distribution is highly inhomogeneous in all cases--the ratio of solute concentrations between the sites with the highest and the lowest concentrations is between 25 to 30. The (1) and (2)]. On the Pt-rich side of the phase diagram a small but statistically significant depletion in solute was observed at some sites. The highest level of solute enhancement generally continues to increase even within the high-angle region up to values of close to E --5, where it saturates. These enhancement levels are much higher than the enhancement levels observed in low-angle boundaries, and are associated with cores of individual GB dislocations. It is demonstrated that the overlapping of the cores at high-angle GBs leads to a strong increase in solute-atom segregation at specific atomic sites.
Among the grain GBs investigated only the special E = 5 boundary displays two clearly distinguishable segregation levels. All other boundaries exhibit fairly monotonic distributions. It is not surprising taking into account that the number of different symmetrically equivalent sites, n, in a twist boundary grows linearly with the value of E, that is, n = 1 + (E -1)/4 [43] . Those sites have close values of segregation free energies and this leads to almost continuous distributions of solute-atom concentrations. This fact is very important for understanding the thermodynamics of GB segregation. In view of these results isotherms based on a single value of the segregation free energy appear to be unrealistic for most GBs; that is, a single value is only an effective free energy of segregation.
We have also shown that although high-angle GBs exhibit similar values of the integral quantity--the Gibbsian interfacial excess of solute--the distributions of solute concentrations at atomic sites near a boundary are different for all the boundaries investigated.
To have a frame of reference it is instructive to compare the present results on the distribution of solute-atom concentrations at the (002) twist boundaries in Ni-Pt with the simulation results on other alloys. The best studied system is Cu- Ni [42-44, 48] , and the best studied GB is the E = 5/(002). We now examine the Ni-rich sides of both phase diagrams, so that Ni is the solvent in both cases. Both solute species are larger than Ni, but for Cu the difference is small (the size misfit factor is E a = 0.0233), while for Pt it is about six time larger (Ca = 0.1337). The data on the average solute concentration in the first plane adjacent to the interface in the Cu-Ni system are compiled in Table 2 , which shows the results for the E = 5 boundary at T = 800 K and for the bulk compositions, Cb of 5 and 10 at.% Cu. The value in the 2nd row was calculated from segregation binding energies for individual sites using the Langmuir-McLean relation (given in Table 3 ). The difference in the concentrations between the results of Monte Carlo simulations and free-energy minimization, as well as between different free-energy minimization studies is very large. The discrepancy between the free-energy minimization results is due to the different Ni-Cu EAM interatomic potentials u s e d --those fitted to the dilute heats of solution [51] , and the universal ones [52] which are not fitted to the dilute Table 2 . Cu concentrations in the first plane adjacent to the E = 5/(002) GB in Ni(Cu) at T = 800 K. The bulk concentrations of Cu are denoted Cb. The value in the second row is calculated from single atom segregation energies (see Table 3 ) using the Langmui~'-McLean relation. Note well that the data from references [41, 43, 48] are obtained with the Ni-Cu potentials fitted to the dilute heats of solution [51] . While in references [42, 44] the universal potentials [52] , not fitted to the heats of solution were used. Table 3 . Segregation energies, A G, and Cu concentrations for coincident and noncoincident sites in the first plane adjacent to the E = 5/(002) GB in Ni(Cu) at T = 800 K. The bulk concentrations of Cu are denoted Cb (atomic fraction). The value of AG from reference [48] is the segregation energy at 0 K, while in reference [44] it is the Helmholtz free energy of segregation. These values are used in the Langmuir-McLean relation to calculate the Cu concentrations at the corresponding sites, Ccalc. The penultimate row shows the concentrations calculated in the free-energy minimization study [43] . Note well that the data from references [43, 48] are obtained with the Ni-Cu potentials fitted to the dilate heats of solution [5 I] . While in reference [44] the universal potentials [52] , not fitted to the heats of solution, were used. heats of solution. In all cases, however, the concentration of solute is of the same m a g n i t u d e or even higher than in the Ni-Pt case. It clearly contradicts the idea that the m a g n i t u d e o f the segregation is larger in a system with a larger value Ofea. Table 3 two types of sites---coincident and non-coincident--in the first plane, and the binding free energies for the coincident and non-coincident sites obtained from Monte Carlo simulations [48] and free-energy minimization studies [44] . A positive sign of the binding energies implies enhancement of solute at a GB. In the dilute limit the Langmuir-McLean equation is expected to hold:
ci cb exp ( AGi ) crystallographically equivalent sites at a GB the stoichiometry of the GB ordered phases may be different from those in the bulk phases.
The above results show that simple isotherms can fail even at relatively small bulk solute-concentrations and complete studies of the GB solutions throughout the phase diagram are necessary, as well as calculations of segregation free energies of a single solute atom at different GB sites. Finally, it appears, that although simple computational methods--like freeenergy minimization--often correctly reproduce some trends in segregation, extreme caution should be exercised when using this data for quantitative discussion. Recently problems have been detected in the values of single-atom segregation free-energies calculated within the local-harmonic approximation at elevated temperatures [76, 77] . The discrepancies can be expected to be even larger for finite concentrations of solute due to the assumptions of the method. These results need to be verified by Monte Carlo and overlapping distributions Monte Carlo simulations.
Atomistic Structure of Grain Boundaries and Segregation
In our previous studies of low-angle boundaries [7] [8] [9] [10] [11] [12] we found the spatial distribution of enhanced sites in the Ni-Pt system to be complementary on the two sides of the phase diagram. On the Pt-rich side the sites enhanced in solute form hourglass-like structures based on the primary GB screw dislocations. Alternatively, on the Ni-rich side the sites enhanced in solute form bipyramidal structures based on the cells of the same dislocation grid. The extent of the segregation regions and relatively low enhancement levels clearly point to the elastic origin of this effect, that is, the interaction between the solute atoms and the elastic stress fields of GBs. Similar effects were observed in our earlier investigations of low-angle GBs in the Au-Pt system [7] [8] [9] [10] , as well as in Monte Carlo simulations [48] and free-energy minimization [42] investigations of lowangle GBs in the Cu-Ni system. In this study we considered in detail the enhancement levels at different atomic sites at high-angle GBs. The trends observed are generally in agreement with those at low-angle GBs: Ni atoms tend to segregate to atomic sites that can be associated with the cores of PGBDs (the filler unit in terms of the structural unit model), while Pt atoms prefer sites at the patches of the f.c.c, structure A units. The B and/3 units, that are associated with intersections of the primary screw dislocations, become important at high angles. Those regions are enhanced in solute on the Ni-rich side of the phase diagram and are not enhanced on the Pt-rich side. There are, however, deviations from the general trend. For example, all coincident sites in the E = 5 boundary on the Ni-rich side are strongly enhanced in solute, while the same sites in the E = 5 boundary on the Pt-rich side are enhanced in approximately 50% of the cases. This and some other deviations from the general trends may be due to a certain amount of structural disorder at the GB structure, and/or chemical ordering effects. To understand it we need detailed information about the concentration dependence of segregation, and reliable values of the dilute free energies of segregation.
Another issue of considerable importance is the relation between the so-called special and general GBs. Traditionally, GBs with low E values (I3 < 30) are called special. They exhibit a large degree of periodic matching and have relatively coarse displacement shift complete (DSC) lattices. Large deviations from these special misorientations lead to a decrease in the Burgers vectors of the corresponding SGBDs, as well as a decrease in the spacing between the SGBDs. Such situations, where periodic order may be lost, are referred to as general boundaries. Little is known about their exact structure. Most of the investigations have been performed employing special boundaries: they require smaller periodic computational cells in simulations and their structure is easier to interpret using x-ray diffraction techniques. The physical properties of such general boundaries, however, are often significantly different from those of general boundaries--they exhibit cusps in the interfacial energy vs. misorientation plots [78] [79] [80] , peculiarities with respect to diffusion, migration, etc. [81] . Sometimes, phase transitions between special and general GBs are discussed [45, 81] . The conventional wisdom states that special boundaries should have a smaller propensity for segregation than general boundaries, because of better periodic matching [13] . Our results, however, show that there is no significant difference in the amount of solute segregation between the two types of boundaries.
In this paper we have detected a rather general correlation between the position of an atomic site in the direction normal to the interface--within one (002) plane--and the level of enhancement at this site (Figs. 15 to 21 ). First, it is shown that at high angles the (002) planes exhibit a considerable degree of relaxation in the direction normal to the interface, with the positions of certain sites deviating from the average position of the plane by up to 10% of the interplanar spacing; this value is in good agreement with both experiments [32] and calculations [58] . On the Ni-rich side the strongly enhanced sites tend to lie closer to the plane of the interface, while on the Pt-rich side they relax away from the interface. This correlation exists for both the first and the second planes, but it is much stronger at the first plane. A secondary weaker branch of enhanced sites, lying closer to the interface, is observed at higher-angle boundaries on the Pt-rich side starting at 0 = 33.9 ~ The origin of this effect is not clear. It may be that this effect is due to the relation between the local pressures at atomic sites and the way these sites are relaxed. Experimentally this effect may be investigated by x-ray diffraction, but deconvolution from reciprocal lattice space is not straightforward and requires a model. Atom-probe field-ion microscopy offers a good alternative, because it provides coordinates of atoms in the direct space, although the size of the sampled area should be large enough to provide adequate statistics [82] [83] [84] [85] [86] .
Correlation Between Local Pressures at Atomic Sites and Segregation
The difference in the chemical composition at atomic sites near an interface is related to the differences in the local environment at these sites. To understand the mechanisms of solute-atom segregation it is desirable to characterize this environment by some simple quantity. Reasonable candidates for this role are components of the local stress tensor a--specifically the hydrostatic pressure which is given by:
and the shear stress
where direction 3 is normal to the plane of the interface. Those quantities were used to identify cores of GB dislocations and other imperfections [87, 88] . A direct correlation between the local hydrostatic pressure and chemical composition was observed in a tight-binding molecular dynamics study of Ag monolayers deposited on a Cu substrate [89, 90] ; the larger Ag atoms tend to occupy atomic sites under tension, while the smaller Cu atoms occupy compressed sites, forming a hexagonal grid.
Recently, the local stresses [Eqs. (4) and (5)] were calculated for (002) twist boundaries [43] using the free-energy minimization technique in the localharmonic approximation. The results show strong hydrostatic tension at coincident and quasi-coincident sites at the boundaries. The tensile stresses appear to cause enhancement of Cu in the Ni-5 at.% Cu alloy. No apparent correlation between the local chemical composition and the shear stresses was observed. Specific values of the stresses are, however, unavailable which does not allow for a quantitative discussion.
For a complete understanding of the stress-composition correlation it is important to know the distribution of stresses at atomic sites near an interface, how these values depend on the properties of the solvent (for example, the elastic moduli), and the response of chemical composition to the stresses in a reference bulk system. These issues are currently being addressed by Monte Carlo simulations.
Structural Multiplicity Effects and Rigid-Body Translations in (002) GBs at Elevated Temperatures
Current conventional wisdom about the structure of special GBs---derived from a substantial body of experiments and computer simulations--states that they have a uniform periodic structure up to the melting point. This structure is described in terms of SUs or, alternatively, in terms of PGBDs and SGBDs. In this paper we have shown that although this regularity is certainly strong and general, noticeable deviations can occur. We unambiguously observe a shifting of E = 5 units by one atomic plane in the Ni-3 at.% Pt. This can be interpreted as roughening of the GB [91] . Experimental evidence of such roughening has recently been found in x-ray diffraction studies of (002) twist GBs in gold [92] . A structural multiplicity is also observed in the nonshifted regions; it is difficult to clarify the origin of this phenomenon based on the present results. In other cases considerable instability is detected in the E = 5 patches of the E = 13 and E = 17 boundaries on both sides of the phase diagram. In the case of E = 5 on the Pt-rich side of the phase diagram the amount of disorder is considerable, and it is not straightforward to identify the alternative structures. We also observe certain rigidbody translations in some boundaries--E = 5 and = 13----on the Pt-rich side of the phase diagram. We emphasize that most of the studies of structures of GBs were performed by means of lattice statics at 0 K. In this case a perfectly periodic structure is always expected to correspond to the free energy minimum. It was found, however, that even at 0 K the energy difference between structures with different symmetry is only "-~5% [31] . At elevated temperatures these alternative structures may appear or even prevail. A considerable fraction (about 10%) of such structures was observed in molecular dynamics studies of the I] = 5 GB in gold at room temperature [35] . A study of thermodynamics of the same boundary by the free-energy minimization method in the local-harmonic approximation [39] suggests a first order-phase transition occurs around room temperature between two structures, which differ by a rigid-body translation in the plane of the interface. 6 The microscopic mechanism of this transition is unknown. Should, however, it turn out to be a second order phase transition, then we may expect the system to exhibit premonitory effects over a wide temperature range. The increase of disorder in the structure, reported in this paper, may be a manifestation of such effects. Similar small, but statistically significant disordering was observed in a Monte Carlo simulation of the E = 13 (002) twist boundary in the Au-Ni system (those effects were attributed to segregation of Ni) [71] . Apart from the phase transition hypothesis, we can also imagine that GBs at elevated temperatures may host certain equilibrium structural defects, different from those in a three-dimensional crystal. Finally, the role of GB roughening is not yet clearly understood.
We are unaware of any conclusive experimental evidence, supporting the above speculations. At this point we cannot rule out the possibility that those phenomena are due to inadequacies of the existing potentials. If it turns out, however, that the effects discussed are of physical origin, they may have important implications for understanding different GB properties and phenomena, including diffusion and migration. The presence of all these effects emphasizes the need for Monte Carlo and molecular dynamics simulations of interfacial phenomena at elevated temperatures. Those methods are universal, because they perform a thermodynamically rigorous sampling of configurations at equilibrium, independent of the particular structure of the configuration space. Furthermore, those methods, given adequate statistics cannot miss any significant contributions from possible imperfections or alternative structures. The resulting averages, therefore, provide a reliable picture of the phenomena. The free energy minimization techniques, on the other hand, seek the minimum of the free energy and work well when this minimum is deep enough. In situations of structural multiplicity or partial disordering the free energy surface in the multidimensional phase space of GB variables may be relatively fiat, and the system may get stuck in one of many local minima. Similar considerations apply to the common practice of quenching Monte Carlo snapshots by lattice statics in order to obtain equilibrium structures. This technique, aimed at removing the noise due to thermal vibrations, may lead to a loss of important information about structural multiplicity.
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Conclusions
We present results of Monte Carlo simulations of solute-atom segregation at high-angle symmetrical . Solute-atom enhancement in this alloy occurs on both sides of the phase diagram, although it is considerably higher on the Ni-rich side. 2. Enhancement in solute is observed in the first two planes on both sides of the interface. Enhancement in the first plane is always much stronger than in the second plane. The distribution of solute concentrations within one plane is always very inhomogeneous with the highly enhanced-sites being in the minority. The remainder of the sites exhibit little or no enhancement. In some cases on the Pt-rich side a slight depletion in solute is observed for a small fraction of the sites. 3. The highest level of solute enhancement continues to increase up to the E = 5 misorientation, where saturation occurs; the values of solute concentrations are about 25 times the bulk concentration. This large difference, compared to the situation in the Cu-Ni system, suggests the possibility of a chemically ordered GB phase. 4. Only the E = 5 boundary, on the Ni-rich side, displays a clear separation of enhancement levels for the two possible types of sites. In most cases the distributions of solute concentrations are rather smooth, indicating a considerable overlapping of the enhancement levels at different types of sites. 5. Although the boundaries with misorientations close to E = 5, and higher, exhibit similar enhancement levels the distributions of solute enhancements are quite different for all of them. 6. The correlation between the structure and solute concentration at the GB continues the trends observed for low-angle GBs [7] [8] [9] [10] [11] [12] . The structural units associated with the perfect crystal are enhanced in solute on the Ni-rich side of the phase diagram, while on the Pt-rich side solute atoms prefer dislocation-like filler units. In the Z = 5 structural units on the Ni-rich side of the phase diagram the coincident sites are strongly enhanced in solute, while on the Pt-rich side there is no clear trend for these structural units. 7. Contrary to the conventional wisdom no significant difference in the maximum levels of segregation is observed between special and general GBs. 8. A general correlation is detected between the positions of sites in the first two planes with respect to the plane of the interface and the solute concentration. On the Ni-rich side the enhanced sites tend to lie closer to the interface, while on the Pt-rich side they tend to lie farther away from the interface. A secondary weaker branch of enhanced sites, lying closest to the interface, is observed at the highestangle boundaries on the Pt-rich side. 9. Rigid-body translations from the CSL positions are observed for the E = 5 and I3 = 13 GBs on the Pt-rich side of the phase diagram. GB roughening is observed in the ~ = 5 boundary on the Ni-rich side. Possible structural multiplicity is detected in this boundary, as well as in the Z = 5 patches of some other boundaries. Significant disordering is observed for the I2 = 5 boundary on the Pt-rich side.
